
MOLECULAR DIPOLAR ROTORS 
This invention is in the general field of nanotechnology and more specifically relates to 
methods and materials for construction of molecular-scale structures, and devices using the same. 

CROSS-REFERENCE TO RELATED APPLICATIONS 
This application takes priority to United States provisional patent application serial 
number 60/190,648, filed March 20, 2000 which is hereby incorporated by reference to the extent 
not inconsistent with the disclosure herein. 

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT 

This application was funded, at least in part, by National Science Foundation grant 
CUE9871917. The federal government may have certain rights in the invention. 

BACKGROUND OF THE INVENTION 
Functional nanostructures that allow investigation into fundamental issues in 
micromechanics, molecular electronics, statistical physics and the materials science of polar 
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dielectrics are needed. In addition, there is a need in the art for a molecular dipolar rotor which 
will rotate under application of a force for use in functional devices. 

BRIEF SUMMARY OF THE INVENTION 
Provided are molecular dipolar rotors comprising: a base; an axle which is attached to 
the base; and a rotor portion with a dipole moment which is attached to the axle. Preferably, the 
axle is oriented substantially perpendicularly to the surface. The axle may contain a bearing, 
which may be a bond, such as a metal-to-7r-face bond. Also provided are surface-mounted 
molecular dipolar rotors (SMDRs) where the base is attached to a surface and arrays of molecular 
dipolar rotors attached to a surface. 

As used herein, "base" means a structure that is capable of attaching to an axle on one 
side and to a surface on the other side. Bases may comprise a variety of structtires. Bases may 
include one or more aromatic or nonaromatic rings, for example four, five or six membered ring 
structtires; single atoms such as Si or C; and other structtires as known in the art. Preferably, the 
base is wide to provide resistance to rotational axis tilt (pendulum-type motion). The base is 
capable of being attached to a surface, through functional groups, preferably spontaneously and 
covalently. Bases include a variety of structtires that perform desired functions, and typically 
carry atoms that act as leaving groups upon attachment of the base with a surface, such as CI 
atoms attached to a Si atom. These functional groups can be attached directly to a base or can be 
attached through tentacles. Tentacles may be alkyl groups where one or more carbons are 
optionally substittited with one or more members of the group consisting of: metals; O; S; Si; O- 
R (where R is an alkyl group); -Si (0R)3 (where R is an alkyl group); -HgSCOCHj; -HgSCOR 
(where R is an alkyl group); halogens, ring structtires and other structtires. Alkyl groups may be 
short (1 to 5 carbons), medium (5 to 15 carbons) or long (15-25 carbons). The tentacles provide 
mechanical inertia against ttigging by an outside electric field. This can be provided for with 
massive atoms, for example Hg atoms included in the tentacles. All tentacles on a base do not 
have to be the same. Preferably the base allows for attachment of more than one tentacle to a 
surface, however, in some applications, one tentacle attachment to the base or no tentacle 
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attachment to the base through functional groups (i.e., the base is directly attached to the surface) 
may be desired. Some tentacles may not be used to attach the base to the surface. Some 
preferred base and tentacle structtires are described herein. The particular functional groups used 
are dependent on a variety of factors, such as the surface the dipolar rotor is bonded to, as known 
in the art. 

Axles may also comprise a variety of structtires. For example, an axle may be a triple 
bond, a single bond, a metal atom such as a transition metal, or may be more complicated, as in 
Formula 10 where two metal atoms surround a ring. Other axle structtires may be used as desired 
to connect the base to the rotor. The axle should be rigid enough to prevent undesired motions 
that interfere with the desired operation. 

For many purposes it is best if there is a low (less than about 1 kcal/mol) barrier to 
rotation about the bearing. The barrier to rotation may be higher, as long as the temperattire of 
the system allows the rotor to overcome the barrier. Preferably there are sites on the rotor portion 
available for substittition, for mechanical balancing. The rotor portion and axle length are 
preferably a size that prevents the blades from touching the substtate, unless high friction is 
desired in a particular application. Preferably the rotor portion is about 0.2 to about 5 nm in 
diameter, depending on the other parameters chosen. A larger rotor portion will maximize the 
size of the rotating dipole. 

The rotor portion is a part of the dipolar rotor that has a dipole moment. It is preferred 
that the rotor portion have a large dipole moment. A large electric dipole moment is defined as 
greater than about 5D, and is preferably greater than lOD and can be greater than about 20 D. 
Dipole moments of ID or greater are of interest for a variety of applications. The dipole moment 
of the rotor portion should be sufficient to cause rotation of the rotor portion in an alternating 
electtic field or upon application of another suitable stimulus. It is preferred that the dipole 
moment be in the plane of the rotor portion. It is preferred that there is a low barrier to rotation 
of the rotor portion about the axle. This barrier to rotation is preferably less than 1 kcal/mol, but 
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may be higher if sufficient temperature is applied to the rotor. The rotor portion may compnse a 
ring structure, preferably an aromatic ring, with opposing "wing tips." Preferably the 
substituents on the wing tips of the rotor portion carry opposite charges, to provide a large dipole. 
The rotor portion should be electroneutral overall with large charges preferably located as far as 
possible from the rotor axis. Preferably the rotor portion is mechanically balanced, with its 
rotational axis approximately coincident with one of the axes of inertia. The substituents on the 
wing tips may be polar or charged to provide the rotor portion with a dipole moment. Other rotor 
portions with a dipole moment may be used, as desired. The rotor may be as simple as mono-, or 
di-chloromethyl group. Useful substituents are known in the art, such as SO/, N^Mcj, and 
others. 

The length of the axle may be chosen as desired. Preferably the axle is long enough to 
prevent the blades of the rotor portion of the dipolar rotor from contacting the surface while 
rotating. 

General structures of dipolar rotors are those shown below: 
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Where X is the base, the single bond, triple bond or metal (M) such as a transition metal form the 
axle and Y is the rotor. The circle represents a ring structure, for example, a four or five or six 
membered aromatic or nonaromatic ring with suitable substituents as shown and described 
herein, or various combinations of structures that perform the desired fimction. 



Examples of small dipolar rotors are shown below: 
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In 1 and 1 A, three chlorine atoms are shown attached to siUcon. When these structures are 
bonded to a surface such as glass, the chlorines react with hydroxyl groups on surface and Si-0 
bonds are formed, and the chlorines are leaving groups. In 1, Si is the base, the Si-C bond is the 
axle, and HjCl is the rotor portion. In 1 A, the acetylene bond is the axle. Another small dipolar 
rotors is shown below. 
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The chlorines may be replaced with any halogen. Again, when the rotors shown above are 
attached to the surface, the ethyl groups may act as leaving groups. The chemistry of attaching 
molecules to surfaces is well knovm. 



A larger dipolar rotor is shown below. 
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In the structure shown above, the ring structure is the rotor portion. 
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The dipolar rotor may be constructed with various substituents. For example, the 
substituents on the aromatic ring in structure 3 may be changed. One example of changing 
substituents in 3 above would be to use substituents that contain positive or negative charges. 
These structures and substituents are known in the art. 
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Other more complicated structures are possible, as shown below: 




7 



where M is a metal, preferably a transition metal, the Z's are the "tentacles" useful for bonding to 
a surface; and the Y's and X's form the rotor blades of the rotor portion. The Z's may be the 
same or different. A simple Z is -Hg-S-Z', where Z' is -(CH2)nSi(OR)3 where n is an integer 
from 0 to 1 5, preferably from 0 to 5 and R is an alky I group, preferably a short alkyl group with 
from 1 to 5 carbons. X may be an aromatic ring with p-substituents that are polar or charged. Y 
may be a similar aromatic ring with opposing p-substituents. Other substituents for X and Y are 
well known in the art. 

Other larger structures are shown below. 
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In the structures shown herein, the following combinations of substituents may be used, for 
example:(l) X = NOj, Y = NMe^, T = C; (2) X = SO,; Y = T = C; and (3) X = CH3, Y = 

0,T = N. 
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Another large dipolar rotor is shown below: 
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25 where R is an alkyl group. 
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Other large dipolar rotors are shown below: 
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HaCOCSHgOLj-HgSCOCHj 
H3C0CSHg'''>r^ HgSCOCHj 
HgSCOCH, 
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Figure 1 shows an example of a specific surface mounted molecular dipolar rotor. 

Both single dipolar rotors and 2-dimensional arrays of interacting dipolar rotors are 
described. 

Organic synthesis of the molecular dipolar rotors can be used to engineer all important 
properties. Properties such as the size and moment of inertia of the rotor portion, its height above 
the surface, the rotational friction, the magnitude of the dipole and the spacing of an array of 
dipoles, and thus ultimately its Curie temperature (the temperature at which ferromagnetism 
changes to paramagnetism), propagation velocities, dissipation, etc., can be controlled by design 
of the chemical structure and choice of base, axle, rotor and bearing elements making up the 
dipolar rotor and of the location of the dipolar rotors in the array (geometry of the array and inter- 
rotor distances). 

The rotors may be driven to cause the dipole to move or oscillate. The rotors may be 
driven in a variety of ways, such as pendulum-type motion of the axle and rotor, or rotational 
motion of the rotor portion. The latter is preferred in many applications, because it has no 
characteristic frequency. The rotors may be driven in a variety of ways, such as electrically, 
magnetically, mechanically or optically. Driving the rotor with an alternating electric field 
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induces detectable current in nearby electrodes. Even a single two-dimensional layer of dipolar 
rotors contains sufficient polarization density to be useful in electronic devices. 



Methods of synthesis of dipolar rotors are determined by one of ordinary skill in the art 
without undue experimentation. In addition to the synthesis and construction methods described 
herein, other synthesis and construction methods are described in United States Patent No. 
5,876,830 (issued March 2, 1999 to Michl et al.), hereby incorporated by reference to the extent 
not inconsistent with the disclosure herein. Methods of using the dipolar rotors are described 
herein, or easily determined by one of ordinary skill in the art without undue experimentation. 



BRIEF DESCRIPTION OF THE DRAWINGS 



Figure 1 is an example of a large dipolar rotor. 

Figure 2 shows the energy difference between two orientations of a square array of perfectly 

aligned dipoles of three magnitudes as a function of separation. 

Figure 3 shows a polarization-wave analog delay line. 

Figure 4 shows an example of dipole rotors mounted on quartz. 

Figure 5 shows a two-dimensional array of SMDRs. 

Figure 6 shows a SMDR array placed between parallel plates with spacing L and area Ll 
Figure 7 shows an interdigital coplanar capacitor with gap L and meander length nL. 
Figure 8 shows a single SMDR with dipole moment pO located between four planar electrodes 
with length scale L. 

Figure 9 shows the equivalent circuit for detection of a single rotor. The signal current Iq is 
applied to low-noise amplifier with noise temperature r„ via a transmission line with impedance 
Zq. There is also a shunting capacitance C. 

Figure 10 shows a schematic diagram of the dielectric relaxation measurement apparatus. The 
output signal V(t) is proportional to the time derivative of the rotor polarization. 
Figure 1 1 shows polarization relaxation rate for rotors as a function of temperature. 
Figure 12 shows polarization relaxation rate for rotors as a function of temperature. 
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Figure 13 shows an STM image of a self-assembled regular grid on graphite surface. 

Figiire 14 shows critical (Ec) and break-off (Ebo) field strength from sunulations (dark and light 

points, respectively) and critical (Ec) and zero-temperatures limit break-off (Eo) field strength from 

a model (light and dark band, respectively). Four regions of rotation regimes are labeled: S, 

synchronous; A, asynchronous; RD, random driven; RT, random thermal. 

Figure 15 shows the potential energy of an electric field driven rotor in a rotating coordinate syst. 

DETAILED DESCRIPTION OF THE INVENTION 
The following description is intended as a nonlimiting discussion of particular embodiments. 

An array of SMDRs on a surface will be polarizable, with distinct dielectric properties, since 
an SMDR has no intrinsic spring constant or resonant frequency, and its response to an outside field 
is very nonlinear. Transient perpendicular polarization is induced as the SMDR is switched from 
one extreme orientation to the other. This is shown in Figure 2, where the energy difference between 
two orientations (B) and (A) of a square array of perfectly aligned dipoles of three representative 
magnitudes (from the top: 72 D (rotor length 15 A), 48 D (rotor length 10 A) and 24 D (rotor length 
5 A)) is shown as a fimction of separation between the orientations (calculated for 1 0* lattice points 
in a square array). 

The rotors and rotor arrays have many applications as polar electronic materials (paraelectric, 
ferroelectric, piezoelectric, pyroelectric, etc.) and are usefiil in reducing the size of voltage-tunable 
filters, oscillators and phase shifters, as well as in sensors, actuators, delay lines and resonators. 
Other uses can be envisioned by those of ordinary skill in the art. 

Two relatively simple applications are described as examples. Varactor diodes are discrete 
electronic components used primarily in analog RF and microwave circuits. They are nonlinear 
capacitors made from reverse-biased p-n junctions or Schottky barriers in either silicon or GaAs. 
Usually, a large control voltage is used to tune the effective small-signal capacitance. Most varactors 
are used as tuning elements in voltage controlled oscillators, but improved devices would have 
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applications in voltage-tunable filters and phase shifters. Existing devices have large effective series 
resistances, especially at microwave frequencies v^here quality factors (Q values) of 20-50 are 
typical. These could be replaced by dielectric varactors containing 2-d dipolar rotor assemblies in 
the paraelectric phase. Strong dielectric nonlinearity would occur in this phase. In the usual 
inorganic dielectrics that have been considered for these applications the intrinsic loss mechanisms 
are due to coupling of the soft mode to other phonons. The rotary degrees of freedom can be 
strongly decoupled from phonon modes to reduce the dielectric dissipation. These structures are 
usefiil as tuneable oscillators, tuneable phase shifters, tuneable band pass filters, and tuneable notch 
filters. 

A unique feature of the polar arrays is extremely low spin-wave propagation velocities. 
According to a 1 -dimensional simulation, velocities of order 1 m/s are the norm. This occurs because 
the rotation of a single rotor is essentially unconstrained, the moment of inertia is very large, and the 
rotor-to-rotor interactions may be adjusted over a wide range. One application of this concept is a 
polarization- wave analog delay line such as that shown in Figure 3. In this figure a strip with a 
ferroelectric array of ordered rotors is shovra with two pairs of electrodes located in the vertical 
direction. A pulse is applied to one set of electroes which causes the dipoles to change orientation. 
When this pulse is released, the dipoles near the electrodes return to their original orientation. 
However, a pulse is propagated through the adjacent dipoles through the strip. The pulse arrives at 
the corresponding set of electrodes with a delay that is determined by the rotor structures. In this 
manner, a small strip can be engineered to produce a desired delay. Low propagation velocities 
imply that devices operating at a given frequency can be made more compact. This is the same 
argument that leads to the use of surface acoustic wave devices. The ubiquitous quartz and 
perovskite ceramic resonators used in RF electronics have properties which are controlled by typical 
inorganic sound velocities of order 1000 m/s. The materials here allows the size of frequency 
control and filter devices to be dramatically reduced leading to on-chip solutions for frequency 
control and filtering functions. 
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Referring to structures 4 and 5 shown above as examples, in these structures, Z = may be any 
of a variety of structures that give the desired attachment to a surface and the desired level of 
stability. One particular Z is -(CH2)nSi(OR)3, where n = 1-12, R is hydrogen or alkyl group having 
from 1 to 6 carbon atoms. In the structures, X and Y may be a variety of substituents, as described 
above. Particular structures usefril for X and Y include N"^Me3 and SO3'; and NO3 and NMej. The 
structures 4 and 5 have low ('-1 kcal/mol) barrier to rotation about the axis of metal-7t-face 
sandwiches, large accessible dipole (easily over 100 D), availability of substitution sites for 
mechanical balancing, a rotor portion size that prevents suitably chosen blades from touching the 
substrate, resistance to rotation axis tilt provided by the wide lower deck, mechanical inertia against 
tugging by an outside electric field provided by the massive Hg atoms, and allow ease of attaching 
five reactive "tentacles" that offer sturdy covalent mounting to the substrate, even if some remain 
unused. Their length and rigidity are easily optimized, since various thiols can be attached to the Hg 
atoms of the bottom deck. The -Si(0R)3 group attaches well to the surface of SiOj. 

The dipole is largest (> 1 00 D) when X and Y in 4 carry opposite charges. Since they are -'1 5 
A apart, there is a risk that they might attract random counterions, ruining the rotor action, or be 
attracted to the substrate excessively, thwarting the desired orientation in the moimting step. 
One possibility is to use 4 with dipolar groups X (pyridine N-oxide, mechanically balanced by Y = 
CH3, for example). This yields a dipole of -6 D. Another is to use two positively (X) and two 
negatively (Y) charged groups in 4 and 5. The charges on the trialkylammonio (X ^ RR'R'^N"") and 
sulfonate (Y = SO3') groups are highly concentrated. If this causes excessive attraction to the 
substrate, attachment can be done with X and Y neutral (RR'N and SO3R), and the charges developed 
subsequently (alkylation, hydrolysis). The more difftise charge on tropylium (X ^ C^HgO and 
carborane (Y = CB9H9' or CBuHh*) may be used to avoid adhesion of random counterions. Other 
polar or charged groups may be used. The rotor must be balanced by choosing the substituents on 
the ammonio nitrogen, the tropylium ring and the carborane cage in the examples described above. 

The rotor blades in 4 are centered only 3.4 A.above the bottom deck, their charge attracts 
them to the tentacles, and they frequently collide with the mercury atoms. In contrast, in 5, the rotor 
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blades are well above the tentacles and the rotation is less constrained than that of 4. Tetra-decker 
molecules may be used, as well. 

As known in the art, molecules are readily synthesized using methods known in the art or 
modifications of methods known in the art. 

Surface Mounting. The presence of five flexible tentacles provides good solubility. The 
molecules are attached to an SiOj or similar surface from dilute solution in a polar solvent and the 
deposited surface concentration is controlled by the choice of bulk concentration and treatment time. 
An example of surface mounting is shown in Figure 4. Charged groups may adhere too strongly to 
the surface and prevent proper anchoring of the tentacled pedestal (particularly the small groups; less 
so those with more diffuse charges). If so, a neutral precursor is adsorbed and the charges are 
unmasked later (e.g., a sulfonate ester is deposited and hydrolyzed in situ, or a tertiary amine is 
quatemized in situ). The surface area for the deposition can be defined by lithography, and for single- 
molecule experiments can be quite small (an even smaller area can be defined with an STM tip). 

Surface concentration is monitored by methods such as Auger spectroscopy, ESCA, grazing 
incidence and/or ATR FTIR, resonance Raman, and EELS, which also provide information on the 
orientation of the SMDRs. 

Characterization of Arrays of SMDRs 

The usual dielectric measurements can be performed despite the fact that a single molecular 
layer is under consideration. Moreover, the polarization density in these materials is large enough 
to allow useful electronic function from a single molecular layer. 

A 2-d array of SMDRs shown in Fig. 5. A lattice constant a of 2 nm is considered and dipole 
moments of 50 D. The figures show regular square arrays, but the theory applies equally to 
random arrays of the same average density. Electronic measurements on polar dielectrics are made 
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by placing the material between conducting plates and measuring the charge versus voltage 
relationship Q[V], which is normally hysteretic and nonlinear. Effects are detectable when the 
saturation charge (for paraelectrics) or spontaneous charge (for ferroelectrics) makes a measurable 
voltage across the capacitor. Consider first the parallel plate capacitor shown in Fig. 6, where the 
geometry is described by the single length scale L. Suppose that a single molecular layer of 2-d 
dipole array is placed in the capacitor. The areal spontaneous polarization density is Pf/a, and this 
is also the effective linear charge density at the edge of the 2-d array due to the divergence of 
polarization. Thus the total charge induced on the plates is given by Q^(P(/a)L- This charge results 
in a remnant voUage of V^Q/C across the capacitor of F^p/^ooj. 

A renmant voltage of about 5 V will result, independent of the capacitor length scale. This 
is easily detectable. In the simplest practical case L = 1 mm. This leads to a very small capacitance 
of a few hundredths of a picofarad, which is much less than the input capacitance of any 
conventional preamplifier. However, with a typical input capacitance of 1 pF the resulting signal 
attenuation by a factor of 100 is still perfectly acceptable. It is therefore straightforward to perform 
Q[V] measurements on single molecular layers. Using readily available JFET preamps 
measurements are made from very low frequencies up to at least 1 0 MHz. JFET front-ends are easily 
incorporated into cryostats to allow measurements down to 4 K. 

Measurements of this kind reveal the basic thermodynamic properties of the disclosed arrays. 
The Curie or glass transition temperature, and the remnant and saturation polarizations can all be 
measured. 

The very small capacitance of the structure just described is not ideal for electronic device 
applications. However, the coplanar meander electrode structure shown in Fig. 7 can provide 
practical values of capacitance with a single molecular layer. The capacitance of a length L of the 
meander is still approximately €qL as for the parallel plate, but with meander length nL there are now 
n such capacitors in parallel. Ordinary optical lithography techniques can achieve at least « = 1000 
in a 1 mm^ area, so that picofarad capacitances can be reached. 
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These values are comparable to line impendances at microwave frequencies, and therefore 
have applications to microwave dielectric varactors and phase shifters. 

For measurements these materials are incorporated in coplanar meander capacitors of just 
the sort described here. A method has been developed to accurately relate the observed capacitance 
to the material properties. In addition, microstrip resonator techniques have been developed to allow 
the temperature and field dependence of paraelectric dielectric films to be measured firom 300 K to 
4 K and firom audio frequencies up to 20 GHz. These techniques will be applied to any materials 
found in the present study which show promise for microwave dielectric varactor application. 

Single Rotor. Experiments on single SMDRs address basic questions concerning molecular rotor 
mechanics. 

As an example, four planar electrodes surround one single SMDR, as shovm in Fig. 8. As 
before, the electrodes are characterized by a single length scale L, The rotation of the dipole is 
equivalent to the motion of a charge q through a distance dx, with = qdx. This motion induces 
an ac charge of amplitude dQ = ({{dx/L\ or a current amplitude of 10 = WpO/L, for rotation frequency 
0). 

Suppose now that opposing electrodes are connected to a low-noise preamplifier via a 
transmission line. An equivalent circuit is shown in Fig. 9. The shunting capacitance C is due to 
the electrode-electrode capacitance and any additional stray capacitance necessary to connect the 
electrode structure to the transmission line. The signal-to-noise ratio is then given by the signal 
power divided by the measurement bandwidth B times the noise energy, S/N = Io^Z(/BkT„, 
where T„ is the noise temperature and k is Boltzmann's constant. 

The signal-to-noise ratio is thus proportional to the square of the ratio dx/L, and to the square 
of the signal frequency. It is therefore important to use the smallest possible electrode length scale 
and to work at high frequencies. Electrodes are fabricated from thin metal films using electron beam 
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lithography and frequencies in the neighborhood of 1 0 GHz are used. Using the parameters i = 1 00 
rnn, (JUllii = 10 GHz,;?^ = 50 D, Zo = 50 Q, T, = 1- K, and 5 = 1 Hz, a large signal-to-noise ratio of 
360 is found. 

One possibility to drive the signal rotor is to use two opposing electrodes to provide a fixed 
frequency drive signal, and to use the other pair of electrodes to detect the motion. Simulation 
suggests that at 10 GHz the rotor will be underdamped even at room temperature, and therefore the 
rotor will follow the instantaneous electric field; in other words the dipole is parallel to the drive 
field at the instant of peak field. In this case the detected rotor signal is in phase quadrature with the 
drive signal. There is also an in-phase signal due to imperfect orthogonality between the electrode 
pairs, but this can be nulled with a trim capacitor between adjacent electrodes. The small 
measurement bandwidth required is obtained by synchronous detection using the drive signal as a 
reference. A low-noise cryogenic homodyne reflectometer have been developed for mesoscopic 
quantum transport measurements that uses a similar technique. The most important quality that is 
measured in this experiment is the rotational damping constant and its firequency and temperature 
dependence, since this determines the phase lag between the rotor and the drive frequency. Even if 
the damping is small so that the phase lag at constant drive firequency is immeasurably small, it can 
still be discerned by studying the response to frequency modulation of the drive signal. 

This single rotor couples both with the external electromagnetic field permitting 
spectroscopic or scattering study) and with the environment, such as the Si02 substrate. This 
produces fiiction observable as damping of the rotor. 
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The deposition of rotors onto surfaces has been examined with the readily accessible analog 
of the rotor 15, diluted with the methyl form (i.e., the chlorine is replaced with a hydrogen), both 
without the triple bond. The material is deposited as a vapor at 10"^ torr in a vacuum chamber 
containing quartz with lithographically patterned electrodes, bare quartz and bare silicon. The latter 
substrate is used to determine layer thickness by single-wavelength ellipsometry and the composition 
of the deposited monolayer by Auger spectroscopy. 

Dielectric Relaxation Measurements on Rotor Arrays 

The goal of these measurements was to study the low frequency dynamics of both interacting 
and non-interacting rotor arrays. For non-interacting (low density) arrays, the equilibrium 
polarization and the relaxation time were measured. The equilibrium polarization depends on the 
product of the rotor density and the dipole moment per rotor, while the relaxation time depends on 
the barrier height for rotation and the attempt frequency. The arrays studied are disordered. At high 
densities (where interactions are important) the effects of this disorder is seen in both the equilibrium 
polarization and the relaxation response. 

Measurement Technique, For electronic measurements rotor molecules analogous to the 
structure shown above (without the triple bond) were incorporated into a planar capacitor with gold 
interdigital electrodes, patterned on a quartz glass substrate using optical lithography. The gap 
between the electrodes was 10 |im wide and total capacitance was about 1.2 pF. The molecular 
rotors were deposited from a vapor onto the glass in the spaces between the gold electrodes. 

Several features of the dielectric response can be used to distinguish the signal from the 
rotors firom that due to the substrate. For rotors which are thermally activated, at low temperatures 
the polarization relaxation of the rotors is much slower than the substrate. This longer time-scale 
is used to separate the rotor signal from that of the substrate. 
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A schematic of the measurement apparatus is shown in Figure 10. A 15 V potenttal 
difference is applied across the sample capacitor for aperiod long enough to establish equihbnum, 
and then the sign of the potential is changed in less than l^s. T^e resulting currem through the 
sample capacitor is show in the upper graph. There is a prompt response due to dtelectnc 
relaxation of the substrate and then a much slower relaxation as dte rotors reorient. The prompt 
signal is nulled at the amplifler input by combining it with a similar response from a control 
capacitor The control capacitor is kept in a liquid nitrogen bath so that its properties do not change 
with time. The resulting voltage signal at the output ofthe virtual ground amplifier is proporttonal 

.0 the time derivative of the mean rotor polarization, and thus its integral is propordonal to dte 
equilibrium polarization in the applied field. 

,„ practice, the time-dom^ signal contains a residual signal at short times (<10 ^ts) due to 
imperfect balance between the two prompt sig^s. and a slower background signal which appe^ 
to be due to contaminant molecules on the substrate surface. The background relaxes in about 50 
,s Manytime-domainsweepsareaveragedonadigitaloscilloscopetoreducetheelec.ron.cno.se. 

The resoluUon at present is about 1 fC for the totM integrate charge flowing out of the ) samp e 
capacitor after the voltage step is removed. The resolution is highest for relaxaUon times m the 
50-300 \is range. 

The sample is located on the cold stage of a single-shot >He evaporation cryosta. and its 
tempera,ureca„bec„ntrolledfr„m400Kto0.3K.Rotorsan^agoustothatshownaboveareftozen 

out below about 30 K. 

For a non-interacting rotor array the integrated charge is given by 

Q = Nd\xLi\iE/2kT) 
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wher. N is *e number of squares in ti,e interdigiul electrodes. . is .he roto, area densi^. . .s fte 
b^r„.ordipo,en,o»en..a„d.is,hein.e,di,i,a.eIec.odegap.Theeffec.of.hern,alflu— 

is .o reduce d,e charge by dre Cune factor BUT. relative to d,e value for perfectly ortented rotors. 

toFigureUresul.sfortherelaxa.io„.imesforti.=esamples.on=witha5-10-m-'c„verage 
ofrotorsa„alogoustolA(notrip,ebond)(uppergraph,,onewithacoverageof^lOJ^.^Hob..ned 

by dilution with non-polar .ethyl rotors) (middle graph) and a control sample wth only t^e latter 
rotors isshov^dower graph). The datadisplayedwasobtainedbyfitt,ng.hetin,edon,atndecayto 

.voexponentials. time constant of the slowerdecay.sploned. "^^^^^^^Z 
totheba*gr„undr=laxa.ionofabout50.s.butoveranarrowtempe«ture range near 60Kthetwo 

samples with polar rotors show a much slower decay. 

This narrow relaxation peak is what should be expected for non-interacting rotors with a 
.^e barrier heigh, for rotation. T.e rotation is thermally activated and d.e relaxation rate wtes 
rapidly witir temperature, so there is a very narrow temperamre range where the relaxation c» be 
:„,fitis.coLitislostintireelectronicandbaclcgroundresponses,andifi.,s.oo .ow.be. 

, no. have suMcient signal-to-noise ratio ,o see it. Tite centia, temperat^e and wtdtir of tire pea. 
correspondtoanArrheniuslawwithabarrierheightcfnOOKandanatiemptfrcuencyo lD s. 

Iba.eesnicelywi.expec.ationsfor.hese molec.es basedonaHartiecF^ 
asimplemode.stiucti.re.Tbeobservedin.egratedcurrent(proport.onaltoe,uihbrrumpolan.^^^^^ 

fortirLilu.e(.:5)sampleisone-thirdoftbevalueexpec.edftomth,rotorde,.,.y,sugges..t^ 
eitirer notalltberotorsareactiveortbecoverage estimates areinerror.Ueobservede,u,hbr^^ 
lari..ionfor.beMlcoveragesampleisabou.lStimessmallerthanexpectedfornon-.nte.c^^^ 
otorsa.tira.coverage.However,.nthisc.e.hedensityishighenoughthatin.eractions — 
impor.ant,andi.ma,be.ha.alarge«ionof.herotorsarefro.nbyro,or-ro ortntera^r^. C^^^ 

might have expected *a. the M coverage sample would show slower relaxation or broad range 
r lay times, but dris is no. observed. It may be tirat tite observed srgna. reflect^ an 
ligneous coverage, and comes mai.y .om regions of low density. Vanous amounts of 
diluent were studied (data not shown). 



21 



Figure 12 shows data for .he dichloro analogue of fte strucmre above. DaB is shown tor 
dichloromeftyl without diluent (upper graph), for dichloromethyl with me%l diluent at some 
undetermined ratio (middle ^ph) and with five parts diluent to one part straOare 2 above (lower 



graph). 



Rotor Simulation - Individual Rotors 

A classical molecular dynamics simulation using Newton's and Coulomb's laws, and the 

UFF force field taken from the literature, were used to simulate the response of the rotor 9 wrth a 
,argedipolemoment(,-42debye)andmomentofinertia(1.5.10^»A^where„istheatomicmass 

u„it),moun.edinvacuumonasizeablesegmentofas,uaregridpolymer..oarotatingelectrtcfieM^ 
The time steps used for integration were 2.1 ts. A total of 17, dynamics runs a. electnc fields 
ranging fiom ,00 to 7O0O kV/cm in strength and from 3 ,o 200 GHz in frequency lasted over 10 
ns Ue stating temperature was ,50 K. such that *rwas barety above the calculated rotattonal 
barrier „f~0.3 —.andirchanged very li.de duringarun.Toeva,ua.e,heperformanceofte 

rotor seven quantities were monitored continuously during each run. such as the rotor angular 
momentumandtheaccumulatedangularlag.ofdrerotorbehi„dthefie,d(.isno™alize^^^ 
tt^tmakeso^Ocorrespondtonofieldutms Skipped. orperfectresponscand^Mtoallfieldt^ms 
skipped, orno response), mtheabsenceofadrivingfield. the rotation otthe rotor decayedmnme 

approximately exponentially, witt. a relaxation time of -80 ps. 

Forfteldsthatare sufficiently strong andfrequenciesthatare sufficiently low.therotor 
like a synctaonous motor and mms with the field. A. each frequency, a minimum "break-off 
..^gth of fte electric field is required (£J. below which the rotor faiis to rotate a. aU . = 
Talcing.hevalue«=l/eas.hemaximumpermissib,eifarotati„nistobecons,der^perfct.t^^ 

criticalfieldstrength.,sdefmedtobetheweakestfieldre,uiredtoassu.thiscondtt.o.^^^^^^^^ 

action and random thenna, motion were identified as the two factors that oppose sm * ro^ on 
ofthe molecular motor, .order to provideaphenomenoiogic. Char— 0^^^^^^^^^^^ 

usefir, for statistical treatments of large rotor arrays, a simple mode, was used, based o th 
Thenius equation and containing on, one adjustable parameter, namely a ft.ct.on constant. 
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. . Hnnotfreauency This permitted an excellent fit of all the .values oboined 

predictions for E^^ and E^^ 

J?ntnr Simulation - Rotor Arrays , 
r^Lt.ansponofe„e.syandsisnalsinadlayetasse.h.iesoo„s.itutes 

h art of!! ^ly new approach to moleeularsisnalin, and response. After an initt. study of 
heart o an ent.ely PP . 

simole longitudinal dipole cnainb, wuuv c u/ r Pfcv? 

simple lui B u ^ rcirv, P Ratner M A. anddeLeeuw, S.W. J. rnys. 

moleculardipolechainshasnowheenpuhhshed^™^.^-^^^^^^^ 

,..,,03,S«3..0>^Thed..— 

processing, and addressabihty of remote sites a. intersecting Imes. 
,,.„responseofa.ysofdipo.— 

:rr:::rpX 

importance, considering the strong current interest in 2-D spin glasses. 

basic device is a surface-mounted mechanically balanced molecular dipolar rotor 

_ras,above. ^^-^^r::^^::^^^ 

to fabricate arrays of rotors. 

z=;r.:=— — 
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the non-negligibk role of random thermal modon. Qualitatively, one would expect the rotor to 
follow the circular motion of the field if the latter is sufficiently strong and its frequency is not 
excessive provided that the strength of the field-rotor interaction exceeds the effects of random 
thermal fluctuations, and provided that the barrier to rotation is no. prohibitive. The extenstve 
computer simulations that have been perfonned for the rotor 9, with a dipole moment of jt = 42 
debye and momentofinertiaofLSxlD'amuA^attachedtoasquare polymer grid, allowexpresston 

of these expectations in a more quantitative fashion. Although the simulations were all run at a 
smgletemperature(150K).andforonlyoneverylowvalueof.he rotational barrierH.3kcal/mol), 

extrapolations e.e possible. The general principles outlined below remain valid for other cases of 

low rotational barrier. 

In general, the dipolar rotor lagsbehind the drivingelectrio field, and afterntumsofthefield 
thecumulativelagangleisa.T,remeanlagperh™,,a = a/2„,isused to evaluatethe performance 

of the rotor. At a constant field ftequency co = the lag is close to 0 and the rotor follows the 
field perfectly if the field amplitude E is very large, acting as a synchronous motor. As S ts reduced, 
the lag a increases and at a critical vMue E,. it reaches the value Ue. Now, the rotor sldps a fatr 
fraction of turns of the field and acts as an asynchronous motor. As E is reduced ftrrther, a nses 
rapidly and at the break-off field it becomes indistinguishable from ututy, a, which potn. the 
rotor dies not fimction as a motor at all. The dependence of log£, and logS. on logv is shown by 
thebarsinFig.l4,(barleng.hsindica.estatisficaluncertaintiesdue.ofinitelengthofthe simulation 

runs) At frequencies below -40 GHz, E, and are independent of v, as the important factor that 
limits rotor performance is random thermal motion. Indeed, E^ rapidly converges to the value m. 
at which the dipole-field interaction E, equals ff, while E, converges to a simUar limit, but much 
more slowly Atftequenciesabove-40OHz,£.and£„growapproximatelywi.hthesecondpower 

of v as would be expected for a classical rotor whose "Mction constant" , is proportional to 
fteqlency..nthisregion,£.and£.arehighenoughthatthethermalenergy.risnegligiblerelattve 

to £p, and the rotor behaves as a macroscopic body. 
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It is possible to fit the points (bars) shown in Fig. 14 using a simple "tilted washboard" 
model in which thermal motion at 150 K is allowed to act on a rotor moving in a sloping potential 
imposed by friction (responsible for a drag torque r|CO, with ti assumed proportional to v), onto which 
a cosine function of the total lag angle a due to the electric field has been superimposed, in a system 
5 of coordinates rotating with the field (Fig. 15). The only adjustable parameter to fit is the 
proportionality constant between r| and v, which is found to be 1.14 eVps/THz for this particular 
rotor; the light band in Fig. 14 indicates the fit for (the width of the band indicates the 
uncertainty). The result for E^^ihdX would be expected at 0 K {E^ is shown as a dark band and the 
agreement with the high-frequency limit of the results obtained at 150 K is obvious. 

10 

Numerically integrated Langevin or Brownian dynamics including a stochastic force provide 

a more complicated but also more accurate model the motion of the rotor. Interestingly, the 
= U Brownian equations of motion for the molecular rotor are identical with the equations describing the 
71 /-V characteristics of a Josephson junction (JJ) with the variable / defined as / = (o/cOq, where / is the 

JJ current. The Josephson junction voltage v relative to the current can be expressed as vli = 
=p <da/d/>/co - o/roo, where t is the total time. For our rotor the usual McCumber parameter pc and 

thermal parameter F are pc E\xllr^ and F = 2%kTI{E\i). Although many numerical results for 
H Josephson junction plots have been published, few results are available for the parameters values 
m relevant for our rotor, " 4 and F - - 1 . We note that for pc ^ 4, the resuhs predict that the motion 
i§) of our rotor will be hysteretic: once regular rotation is induced by an above-critical electric field, the 

field will have to be reduced to about 70% of the critical value before the rotor stops moving 

synchronously. 

Synchronous, Asynchronous, Random Driven, Random Thermal and Hindered Regimes of 
25 Rotation, Based on Fig. 14, five regimes of molecular rotor behavior are dictated by the relative 
importance of random thermal forces described by kT, of the strength (|a£) of maximum interaction 
of the dipolar rotor with the rotating electrical field, of the friction constant t] that describes the 
break-off drag torque, and of the rotational barrier height W, 
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(i) Synchronous Rotor Regime. When > \iE^,kT,W, the rotor follows the rotating field 
slavishly and rotates at its frequency v. Points located above the line in Fig. 14 correspond to 
synchronous motion. 

(ii) Asynchronous Rotor Regime. When ^i^^ > \iE > \xE^,kT,W, the rotor turns in the 
direction of the rotating field but at a frequency lower than v since it breaks off and skips a turn every 
now and then. Points in Fig. 14 located between the E^ and E^^ curves correspond to asynchronous 
motion. 

(iii) Random Driven Rotor Regime. When [iE^,\xE^^ >\xE> kT, W, friction is excessive. The 
rotor cannot keep up with the rotating field and performs irregular motion. Points in Fig. 1 4 located 
below the curve and above the kT/\x line correspond to random driven motion. 

(iv) Random Thermal Rotor Regime. When kT > \iE,W, the rotor exhibits nearly random 
thermal fluctuations with a slight preference for rotation in the sense of the rotating field. Points in 
Fig. 14 located below the kT/\x line correspond to random thermal motion (at T = 1 50 K, \xE equals 
kTatE=lA kVcm"^). The independence of E^ and of v in the limit of low firequencies is unlike 
anything observed for macroscopic rotors at ordinary temperatures 

(v) Hindered Rotor Regime. This regime is not illustrated in Fig. 14, which was obtained 
for a case in which the rotational barrier was comparable with kT, When W > kT,ixE, the rotor 
will be trapped in one of the minima on the potential energy surface, only infi-equently jumping from 
one orientation to another. To obtain correct results in Fig. 14 for fields E weaker than 150 kVcm'*, 
the effect of the barrier, and possibly also quantization effects, will have to be included in the 
modeling. So far, our simulations have all been performed at higher field strengtii or at kT ^ W. 

Vertical shaft rotors consist of two segments that can rotate against each other easily, since 
they are joined v^th one single bond (barrier W, -3 kcal/mol) or a linear single-triple-single bond 
combination {W< --0.2 kcal/mol), or with a single metal atom sandwiched between planar rings {W 
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< -0.2 kcal/mol). One of the segments is functionalized in a way that permits a firm covalent 
attachment to a surface or a grid point, the other is the rotor proper (it can carry a large dipole, it can 
be propeller-shaped, etc.). 

The chemical functionalization needed for the mounting of the rotors is dictated by the nature 
of the substrate. For single rotors or random arrays of rotors on surfaces such as quartz or sapphire, 
silane chemistry is used. For mounting on gold, thiol chemistry is available. 

Molecular Electronics 

The application of molecules in electronics has become an important and exciting activity 
in industrial, DOD and academic laboratories. So far much of the work has focused on molecular 
optoelectronics, both for logic and for communications. Much of the rest has been devoted to charge 
transport in molecular systems (molecular wires, molecular junctions, molecular switches). There 
is, however, another application towards molecular electronics in which the rotors seem strikingly 
appropriate - this is the application to cellular automata devices. The rotational position of a rotor 
is a way to store information on molecular scales that will be more robust and persistent than storage 
in purely electronic degrees of freedom. Indeed, data storage in polar molecular conformation is 
used presently at larger scale in the technology of non- volatile ferroelectric memories. The rotational 
position of a dipolar rotor can be set by electric fields fi:om charges transported in molecular wires. 
The rotor polarization can then serve as the gate charge of a molecular scale FET for readout of the 
rotational position. At molecular scales it seems likely that tunneling rates wA\ always be too large 
to allow for persistent data storage in mobile FET gate charge. By attaching the charge to an very 
stable insulating rotor molecule it may be possible to bring the controlling gate charge much closer 
to the FET channel than would be feasible for charge delivered by transport through molecular wires. 

The following references are hereby incorporated in their entirety to the extent not 
inconsistent with the disclosure herewith. 

DeLeeuw, S. W.; Solvaeson, D.; Ratner, M.A.; Michl, J. "Molecular Dipole Chains: Excitations and 
Dissipation" J. Phys. Chem. B., 1998 (102), 3876. 



27 



* f 

Vacek, J.; Michl, J. "A Molecular 'Tinkertoy' Construction Kit: Computer Simulation of Molecular 
Propellers" New J. Chem. 1997 (21) 1259-1268. 

Vacek, J.; Michl, J. "Molecular Dynamics Simulation of a Grid-mounted Molecular Dipolar Rotor 
in a Rotating Electric Field" Proc. Natl. Acad. Sci. 2001, in press. 

Although the description above contains many specificities, these should not be construed 
to limit the scope of the invention, but as rather illustrating some of the presently preferred 
embodiments. Thus, the scope of the invention should be determined by the appended claims and 
their legal equivalents. All references cited herein are hereby incorporated by reference to the extent 
not inconsistent with the disclosure herein. 
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